Rotavirus A (RVA) is a dominant causative agent of acute gastroenteritis in children worldwide. G2P[4] is one of the most common genotypes among human rotavirus (HRV) strains, and has been persistently prevalent in South Asia including Bangladesh. In the present study, whole genome sequences of a total of 
. In Bangladesh, G2 has occasionally been the most common genotype among circulating HRVs for the past 20 years, while G9 and G12 emerged as predominant strains in the last decade (Afrad et al., 2013; Afrad et al., 2014; Ahmed et al., 2012; Dey et al., 2009; Miles et al., 2012; Paul et al., 2008) . The reason for the occasional dominance of G2P [4] HRV in Bangladesh has not yet been fully understood, although the occurrence of multiple lineages of VP7 gene is suggested to be one of the possible reasons (Afrad et al., 2014) .
G2P [4] genotype has been known to increase or persist in dominance after introduction of monovalent rotavirus vaccine in Brazil, Argentina, Australia, Belgium, and Korea (Gurgel et al., 2014; Kim et al., 2014; Kirkwood et al., 2009; Kirkwood et al., 2011; Mandile et al., 2014; . Therefore, it is important to understand diversity and genetic evolution of G2P [4] HRVs in nature and their association with efficacy of vaccines. Whole genomic analysis of HRVs revealed presence of three distinct clades among G2P [4] in [2010] [2011] winter season in the USA (Dennis et al., 2014) . Furthermore, long-term investigations of whole genome of G2P [4] HRVs in Italy (Giammanco et al., 2014) and Japan (Doan et al., 2015) indicated occurrence of major genomic change in the global G2P [4] RVAs in the early 2000s.
In Bangladesh, genetic diversity and evolution of G2P [4] RVAs was analyzed in terms of VP7 gene from a large number of G2P [4] strains (Afrad et al., 2014) . In this study, Afrad and coworkers revealed that multiple lineages of G1 and G2
HRVs had been co-circulating over the years. Whole genomes of HRV G1, G2 and G12 strains in Bangladesh were previously analyzed (Ghosh et al., 2011b; Rahman et al., 2007; Rahman et al., 2010) , with only two G2P [4] HRV strains available for study (Ghosh et al., 2011b) . Thus, the genomic diversity of G2P [4] HRVs in Bangladesh have not yet been well characterized using whole genome sequencing.
The purpose of the present study was to elucidate evolutionary state of all the gene segments of G2P [4] HRVs, i.e., to understand genetic diversity of individual genome segments and correlation of evolution among gene segments. In the present study, we analyzed whole genome of 16 G2P [4] HRV strains in 2010 and 2013 to obtain clues to understand their persistence in Bangladesh.
Material and methods

Virus strains
A total of 17 G2P [4] HRV strains isolated from diarrheal stool samples collected from patients aged 3 months to 24 years in Mymensingh, Bangladesh were studied. Nine and eight HRV strains were obtained in Jan. -Feb. 2010 and Aug.-Dec. 2013, respectively (Table 1) . In 2010, G2 was the most prevalent (41%), followed by G1 (25%), and G9 (8%), in Mymensingh (unpublished data). Genotyping results of Article No~e00168 HRV in 2013 have not yet been available. All the strains were confirmed to have G2P [4] genotypes by semi-nested RT-PCR as described previously (IturrizaGómara et al., 2004; Nagashima S et al., 2010) . For the experiments, utmost attention was paid to avoid contamination especially in handling stool specimens, for example, using only one sample per day for RNA extraction and RT-PCR.
Nucleotide sequencing, genotyping and sequence analyses
Viral RNA was extracted from stool samples using the QIAamp Viral RNA Mini Kit (Qiagen Science, MD, USA). RT-PCRs were performed using Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA) and Prime Star GXL DNA polymerase (TaKaRa, Japan). Primers used for amplification of viral genome segments have been described previously (Ghosh et al., 2010a; Ghosh et al., 2010b; Ghosh et al., 2011b) . For the RT-PCR of VP1-4, NSP1, and NSP4 genes, additional primers were designed in the present study as shown in Table 2 .
Nucleotide sequences were determined by the Sanger method using the BigDye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems, Foster City, CA) on (Matthijnssens et al., 2011) . Phylogenetic trees of individual gene segments were constructed by Maximum Likelihood method using MEGA6 software (Tamura et al., 2013) , with sequences selected from GenBank database. Phylogenetic trees were statistically supported by bootstrapping with 1000 replicates, and phylogenetic distances were measured by the Kimura two-parameter model (Kimura, 1980) . Multiple alignments of sequences were performed using CLUSTAL W ver. 2.1 program available on website of DDBJ (http://clustalw.ddbj.nig.ac.jp/). Sequence identity of a pair of gene sequences was determined by using LALIGN program on web server (http://www.ch.embnet.org/software/LALIGN_form.html).
Nucleotide sequence accession numbers
The GenBank accession numbers for the nucleotide sequences determined in the present study were listed in Table 3 . [4] RVAs from the world (Bányai et al., 2011; Chaimongkol et al., 2012; Doan et al., 2015; Ghosh et al., 2011b; Giammanco et al., 2014; Page and Steele, 2004) indicated that most of the Bangladeshi G2 HRV genome segments were classified into a single lineage (lineage V), while VP3 and NSP4 genes were assigned to two (V, VI) and three lineages (V-VII), respectively ( [ ( F i g . _ 1 ) T D $ F I G ] Between sublineages Va and Vb, sequence identity of VP1 genes was approximately 94%, while >97.9 identity was found within the same sublineages.
Lineage VI and VII NSP4 genes exhibited 94% identity to sublineage Va NSP4 genes. VP3 genes of sublineage Va showed 90.6% identity to those of lineage VI strains, in contrast to >99% identity among Va lineage.
Amino acid residues in VP7 defining neutralization domain of the G2P [4] strains in 2010 and 2013 were mostly identical to those of MMC88 strain in 2005, although one or two amino acid difference was found with strains J251 and J253 in 2010, and M313 and M289 in 2013 (Table 5 ). All the G2P [4] strains analyzed had Article No~e00168 4-7 amino acids in the neutralization domain which are different from those of G2 component of pentavalent vaccine (RotaTeq) and G2 prototype strain DS-1, as described previously for recent G2P [4] rotaviruses (Afrad et al., 2014; Giammanco et al., 2014; Zeller et al., 2011) . Although VP4 neutralization domains of G2P [4] HRVs in 2010 and 2013 were also similar to those of MMC88 strain, all the eight strains in 2013 had different amino acids at position 88 (A) and 114 (P) from those (Table 6a, Table 6b ).
Discussion
Recent molecular epidemiological studies of whole genome of G2P [4] HRVs for a long period conducted in Italy (Giammanco et al., 2014) , and Japan (Doan et al., 2015) indicated that G2P [4] strains distributed globally appeared to have undergone intragenotype reassortment, observed by change of lineages of all the that amino acid residues in the VP7 antigenic regions were the same as those found in recent global G2P [4] HRVs, distinguishing them from old strains as well as the G2 component of pentavalent vaccine (Afrad et al., 2014; Dennis et al., 2014; Doan et al., 2011; Donato et al., 2014; Gómez et al., 2014; Zeller et al., 2011) . See legends of Fig. 1 for marks, lineage assignment, scale bars and bootstrap values.
Article No~e00168
It was noted in the present study that change and replacement of sublineages and lineage constellations were observed for a short period of 3 years, although all the gene segments exhibited high sequence identities to each other. Individual viral genome segments were differentiated into 1-3 sublineages in a single lineage of individual genotypes (2 lineages in M2-VP3 and 3 lineages in E2-NSP4 genes).
Thereby the 16 Bangladeshi strains were classified into four clades containing 8 lineage constellations, revealing the presence of three clades with four lineage Through analysis of VP7 from a number of G2 strains in the last 39 years in the US, lineage turnover was presumed to occur every 7 years on an average, generating new dominant strains (Dennis et al., 2014) . Afrad and coworkers revealed that multiple lineages of G1 and G2HRVs co-circulated for one or a few seasons, followed by frequent replacement with different lineages, by the analysis of the VP7 gene of HRVs detected for more than 20 years in Bangladesh (Afrad et al., 2014) . Therefore, lineage of the G2-VP7 gene is considered to change frequently in global level, as suggested by another study in Australia (Donato et al., 2014) . Our present study, despite a short period, change of sublineages was documented for a whole genome, providing more detailed evidences than lineage. (Giammanco et al., 2014) . Proline at position 114 is conserved in P[8] VP4, and also identified in only a few G2P [4] Brazilian strains in 2010 (Gómez et al., 2014) . It is therefore important to survey global spread and distribution of the G2P [4] RVA genes belonging to the clade D, and their antigenic characteristics of VP4. In contrast, clade C strains that were detected in only 2010 had asparagine at position 130 of VP7, like strains DS-1 and TB-Chen, suggesting that these strains have a trait of old G2HRVs.
[ ( F i g . _ 9 ) T D $ F I G ] VP3 gene of a Bangladeshi strain MMC88 in 2005 clustered with most G2P [4] HRV strains in the sublineage Va. The MMC88-VP3 gene is genetically related to caprine rotavirus strain GO34 from Bangladesh and suggests an animal origin (Ghosh et al., 2010a; Ghosh et al., 2011b) , while another G2P [4] strain, MMC6, detected in 2005 has a VP3 gene frequently detected in HRVs. It was interesting in the present study that such caprine-like VP3 gene was identified in most of G2P [4] strains in 2010 and 2013 (lineage Va), suggesting successful adaptation of this gene to Bangladeshi HRVs of DS-1 genogroup. This may be evidenced by the fact that the VP3 genes clustering with the caprine strain and MMC88 have been detected in USA, Brazil, Thailand, Australia, and Italy (Dennis et al., 2014; Giammanco et al., 2014; Gómez et al., 2014) . Article No~e00168
In conclusion, our present study elucidated that multiple, genetically distinct G2P [4] HRVs are circulating in north-central Bangladesh, by whole genome-based phylogenetic analysis. Replacement of genomic constellations, and amino acid change in the antigenic region in VP4 were observed even for a short period from 2010 to 2013. Further continuous surveillance of G2P [4] HRVs is necessary at a global level to understand their evolutionary state.
[ ( F i g . _ 1 1 ) T D $ F I G ] # Lineage constellation was designated based on combination of lineages/sublineages of 11 genome segments, and clades A-D were defined as group of lineage constellations having five or more identical sublineages of lineage V (and lineage VI and VII in some strains).
Article No~e00168 Table 5 . Alignment of the amino acid residues defining the neutralization domains of VP7 (7-1a, 7-1b, and 7-2) between RotaTeq TM G2 component and G2
strains DS-1, TB-Chen, MMC88, and 16 G2P [4] RVA strains in Bangladesh. Noriko Urushibara, Mitsuyo Kawaguchiya, Ayako Sumi: Contributed reagents, materials, analysis tools or data. 
